A high-power, frequency-stabilized laser for cooling of metastable helium atoms using the 2 3 S 1 → 3 3 P 2 transition at 389 nm has been developed. The 389 nm light is generated by frequency doubling of a titanium:sapphire laser in an external enhancement cavity containing a lithiumtriborate nonlinear crystal. With a maximum conversion efficiency of 75%, 1 W of useful 389 nm power is produced out of 2 W at 778 nm. While being stabilized to the 2 3 S 1 → 3 3 P 2 transition, the 389 nm frequency is tunable over ±150 MHz with respect to the field-free atomic resonance frequency. This is accomplished by Zeeman tuning of the absorption lines used in the frequency-stabilization scheme. The setup for saturated absorption spectroscopy in an rf discharge cell, used to stabilize the 389 nm laser to the atomic transition, is described in detail.
I. INTRODUCTION
In the past decade, laser cooling and trapping of metastable ͑2
3 S 1 ͒ helium ͑He* ͒ atoms has been the key to success in many cold-atom experiments. Examples of such experiments include Bose-Einstein condensation 1, 2 and photoassociation spectroscopy of metastable helium. 3 Until recently, all magneto-optical traps of He* employed the 2 3 S 1 → 2 3 P 2 transition at 1083 nm. Although laser cooling of He* at 1083 nm on itself may be considered successful, it performs rather poorly as compared to laser cooling transitions in other atoms. Intrinsic limitations are the long wavelength ͑1083 nm photons carry relatively little momentum͒ and the small ͑1.6 MHz͒ natural linewidth, which does not allow for a large cycling rate.
An interesting alternative to laser cooling at 1083 nm is offered by the 2 3 S 1 → 3 3 P 2 transition at 389 nm. This transition involves photons with a 2.8 times larger momentum, whereas the linewidths of the two transitions are almost equal. The 389 nm laser-cooling force is therefore nearly three times larger than the 1083 nm laser-cooling force. A disadvantage is the 3.3 mW/ cm 2 saturation intensity, which requires a relatively powerful laser source at 389 nm. In order to achieve efficient laser cooling and trapping in a 389 nm magneto-optical trap ͑MOT͒, a few-hundred mW of power at 389 nm is desirable. This can be obtained by second-harmonic generation ͑SHG͒ in an external enhancement cavity containing a nonlinear crystal, where a cw titanium:sapphire ͑Ti:S͒ laser provides the fundamental frequency. 4, 5 SHG in an external enhancement cavity forms the basis of the laser setup used in our laboratory ͑see Ref. 6 and references therein͒. The design and details of this setup will be discussed in the remainder of this article.
II. EXPERIMENTAL SETUP

A. Laser system for second-harmonic generation
The laser system is based on a Coherent 899-21 Ti:S ring laser, which is pumped by 10.0 W from a frequency-doubled Nd: YVO 4 laser at 532 nm ͑Millennia X, Spectra-Physics͒. The Ti:S produced maximally 2.1 W of single-mode narrowband 778 nm light. The linearly polarized output of the Ti:S is sent through a perpendicular periscope to rotate the polarization by 90°, after which the horizontally polarized light is directed towards the enhancement cavity. Figure 1 shows a schematic overview of the setup for frequency doubling. The waist of the Gaussian infrared beam is matched to the waist halfway between M3 and M4 of the TEM 00 mode of the ring cavity by the thin spherical lens L 1 ͑mode matching͒ to ensure optimum incoupling. The 778 nm light is coupled into the ring cavity through mirror M3, which has a specified reflectivity R = 99.0% at 778 nm. Inside the cavity, a 10.5 mm long lithium-triborate ͑LBO͒ crystal, Brewster cut for 778 nm, is placed in the focus of the curved mirrors M1 and M2. These mirrors have a radius of curvature of 75 mm, which results in a minimum beam waist w 0 of 30 µm inside the LBO crystal. Mirror M4 ͑diameter 6 mm͒ is mounted on a piezo-ceramic tube and is controlled by a servo loop to stabilize the cavity length. The dispersive signal for the servo loop is obtained using the Hänsch-Couillaud scheme 7 ͑see Fig. 1͒ . All cavity mirrors except the input coupler M3 have a coating which is highly reflective ͑Ͼ99.9% ͒ for the fundamental wavelength. The second-harmonic radiation is produced in the focus inside the LBO crystal, after which it leaves the crystal through the end face. Due to the orthogonal polarization ͑type I phase matching͒, the end face is not at Brewster's angle for the 389 nm beam, which results in 19.6% Fresnel losses. The second-harmonic beam is coupled out of the cavity through M2, which transmits 98% of the 389 nm light.
a͒ Author to whom correspondence should be addressed; electronic mail: w.vassen@few.vu.nl Special care was given to the mechanical design of the cavity to make it robust against acoustical noise.
8 This resulted in relative output power noise of about 1.8% ͑rms͒ for noise frequencies up to 5 kHz, decreasing to slightly below 0.7% for frequencies larger than 12 kHz.
The LBO crystal is covered by a small perspex cap, with two holes to give access to the laser beams, and a third hole at the bottom which is used for flushing the crystal with oxygen gas. Flushing with oxygen at ϳ5 cm 3 / s increases a typical output power of 800 mW by about 8%. A possible explanation for this is that the high-intensity second harmonic removes oxygen from the crystal surface. In this reversible process color centers are created which absorb fundamental light and therefore contribute to the round-trip losses. Flushing with pure oxygen would then decrease the steady-state number of color centers and, thus, the absorption. To exclude an explanation in terms of thermal or optical effects inside or near the crystal, the crystal was also flushed with pure nitrogen ͑which has a similar index of refraction and heat capacity͒ and helium. Indeed, both nitrogen and helium did not noticeably improve the output power. In the setup described here, the same LBO crystal has been used for 1.5 years, showing no sign of degradation.
B. rf discharge cell and setup for saturated absorption spectroscopy
For the stabilization of the laser on the 2 3 S 1 → 3 3 P 2 transition, a small setup for saturated absorption spectroscopy in an rf discharge cell was constructed. A glass cylinder, with a length of 10 cm and a diameter of 2 cm, contains helium gas at a typical pressure of 0.2 mbar. The rf discharge, which operates at a frequency of ϳ22 MHz, produces metastable helium atoms which absorb 389 nm light. However, as the cross section for resonant absorption scales inversely with the squared wavelength, the cross section for 389 nm light is nearly eight times smaller than for 1083 nm. To compensate the smaller absorption at 389 nm, the intensity of the rf discharge must be increased; the rms power required to drive the discharge needs to be increased from less than 1 W ͑used for 1083 nm absorption spectroscopy͒ to about 4 W. This results in a smaller signal-to-noise ͑S/N͒ ratio, which is probably due to increased noise from temporal and local fluctuations in the discharge intensity. Moreover, the high discharge intensity also increases the contamination of the helium gas by sputtering of unwanted material from the inner glass wall, which may strongly limit the lifetime. Therefore, preparation of the helium glass cell must be done with great care. A procedure is followed which starts with cleaning the inside of the cell in an ultrasonic bath using first acetone, and then ethanol. The next step consists of evacuation and baking of the glass cell for at least 1 day. Once this is done, the cell is repeatedly ͑every 5-10 s͒ filled with pure helium gas at ϳ0.1 mbar and evacuated, meanwhile running a rf discharge produced by a Tesla coil, for another few hours. While doing this, the discharge may appear white-green at first, gradually turning to the characteristic blue-green glow after some time. Eventually the glass cell is sealed by melting a capillary in the glass orifice used for the evacuation and filling. The thus produced discharge cells have a lifetime of at least 6 months, provided the discharge is set to low intensity after each day of experimenting ͑the discharge is never switched off completely͒. It was observed that when the discharge had been running at high power for a continued period of more than 2 days, the absorbing ability of the discharge had almost disappeared.
To visualize the Lamb dip needed for laser stabilization, two beams ͑cross section ϳ2 ϫ 3 mm 2 ͒ are reflected back and forth through the absorption cell, one of which is perfectly reflected back onto itself, whereas the other is deliberately misaligned such that it does not experience saturated absorption ͑Fig. 1͒. The transmitted powers of both beams, which now both contain the 389 nm intensity noise as well as the Doppler profile, are differentially measured by two photodiodes. This results in a pure saturated absorption signal, leaving only the noise due to temporal and local intensity fluctuations in the rf discharge. A maximum absorption of 65% was observed ͑double pass through the cell͒.
To allow absolute frequency stabilization of the 389 nm light to the helium transition the Ti:S laser is frequency modulated by a sinusoidal signal with a frequency of 400 Hz and a p-p modulation depth of 1.5 MHz. The saturated absorption signal is demodulated by a lock-in amplifier, which produces an error signal that is subsequently amplified and integrated. The resulting signal is used to control the frequency of the Ti:S laser.
A Helmholtz pair of magnetic coils, each consisting of 120 turns of 2 mm diam copper wire, is placed around the rf discharge cell. These coils are used for Zeeman tuning of the Lamb dip, allowing the laser to be detuned by ±150 MHz ͑by sending a current of 5 A through the coils͒, while maintaining its frequency stability. The coils are mounted isolated from the cell housing to avoid heating of the discharge cell.
III. PERFORMANCE OF THE SHG CAVITY
The produced second-harmonic power P SH depends quadratically on the fundamental power P c circulating inside the ring cavity according to
where ␥ is the second harmonic conversion coefficient. Using an explicit expression for the second harmonic conversion coefficient, [8] [9] [10] ␥ is calculated to be 4 ϫ 10 −5 W −1 for the crystal and cavity parameters of the setup described here.
When the fundamental light is resonant with the enhancement cavity, the amount of circulating power is opti- FIG. 1 . Schematic top view of the cavity for SHG and the setup for saturated absorption spectroscopy on the 2 3 S 1 → 3 3 P 2 line: ͑L1͒ modematching lens; ͑M3͒ input coupler; ͑M4͒, cavity mirror mounted on a piezoceramic tube ͑PZT͒, used for control of the cavity length; ͑M1͒ curved cavity mirror; ͑M2͒ curved cavity mirror and SH output coupler; ͑BS͒ fused-silica beamsplitter; ͑PBS͒ polarizing beamsplitter cube; ͑ /4͒ quarterwave plate; ͑PD͒ photodiode. mized when the input coupler reflectivity R matches the effective round trip loss factor 1-V, where V is the relative power loss per round trip. This can be seen from the expression for the enhancement factor A = P c / P in ͑with P in the fundamental power incident on the input coupler M3͒ for a perfectly mode-matched input beam
.
͑2͒
A part of P in given by
is reflected off M3. Indeed K vanishes when 1 − V = R, in which case the cavity is impedance matched. Apart from a round-trip loss factor V 0 , due to linear dissipation and scattering, V also includes losses due to second-harmonic conversion. Given Eq. ͑1͒, it can be shown that the relation between P SH and P in then becomes 4,12,13
͑4͒
Solving the cubic equation ͑4͒ would in principle yield a relation between P in and P SH . This relation could be used for fitting data, like those shown in Fig. 2͑a͒ , to obtain information about ␥ and V 0 . Although Eq. ͑2͒ is derived assuming no power-dependent conversion losses, the expression suggests that 1 − V may be replaced by ͑1−V 0 ͒͑1−␥P c ͒ to account for conversion losses. Then, together with Eq. ͑1͒ a ͑nontrivial͒ relation between P in and P SH can be found using MATHEMATICA. Although the derivation for this expression is not rigorous, it reproduces the numerical results obtained with Eq. ͑4͒ to well within 0.1% for the entire range of realistic experimental values for P in , ␥, and V 0 .
The thus found relation between P in and P SH is used for fitting measured data shown in Fig. 2͑a͒ . Here, the values for P SH have been corrected for the 98% transmission of M2 and the 19.6% Fresnel losses at the Brewster face of the LBO crystal ͑P SH differs from the useful power, which is the SHG power transmitted through M2͒. Also, a relatively large fraction of P in ͑typically 20% for powers between 0.5 and 2 W͒ is reflected off M3. For realistic cavity parameters, the fraction of noncoupled incident light due to impedance mismatch can be calculated using Eq. ͑3͒ ͓which has been modified to account for conversion losses similar as done for Eq. ͑2͔͒ to be less than 2% for P in ജ 1 W. It is therefore concluded that the noncoupled light is predominantly due to imperfect mode matching. To take this into account, in Fig. 2 P in is replaced by the amount of light coupled in P ic , which is defined as P in minus the fundamental power reflected by M3. Obviously, this definition is only correct if the amount of light, reflected by M3 due to impedance mismatch, is negligible compared to the total amount of reflected light.
With the known value for R as input, the loss factor V 0 and the single-pass conversion efficiency ␥ are used as parameters to fit expression Eq. ͑2͒ ͓replacing 1 − V by ͑1−V 0 ͒͑1−␥P c ͔͒ to the data in Fig. 2͑a͒ . In this way V 0 = 0.25% and ␥ =5ϫ 10 −5 W −1 are inferred. The fitted value for ␥ is in good agreement with the theoretical value, ␥ =4ϫ 10 −5 W −1 . The solution of Eq. ͑2͒ can also be used to determine the optimum value for R, for given values of ␥ and V 0 . In Fig.  2͑c͒ , P SH is plotted as a function of R for several powers ranging from P ic = 1.2 to 1.8 W, using the fit results for ␥ and V 0 . The optimum for P SH is seen to shift to smaller values of R for increasing P ic , as the round-trip losses include the loss due to second-harmonic conversion.
In Fig. 2͑b͒ the net conversion efficiency P SH / P ic is plotted as a function of P ic . As can be seen in the graph, a FIG. 2. ͑a͒ Dependence of the second-harmonic power P SH at 389 nm on the fundamental power P ic at 778 nm coupled into the cavity. The solid curve represents a fit to the data.͑b͒ Net conversion efficiency P SH / P ic as a function of P ic .͑c͒ Calculated variation of the second harmonic power P SH with the input coupler reflectivity R for various incoupled powers P ic . The calculations were performed with V 0 = 0.25% and ␥ =5ϫ 10 −5 W −1 .
033104-3 A high-power laser for cooling at 389 nm Rev. Sci. Instrum. 76, 033104 ͑2005͒ maximum net conversion efficiency of 75% is obtained, with 83% of the incident fundamental power ͑1.9 W͒ coupled into the cavity. Best performance was achieved with P in = 2.00͑6͒ W resulting in 1.00͑3͒ W of 389 nm coupled out of the cavity, which corresponds to P SH = 1.27͑4͒ W of generated 389 nm light inside the crystal. The obtained secondharmonic conversion efficiency and SHG output power compare very well with the best results ever achieved using a setup of a similar design.
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IV. ABSOLUTE FREQUENCY STABILIZATION
Distinct Lamb dips were produced using saturation parameters ͑defined as the intensity divided by the saturation intensity͒ for the pump beam ranging from 4 with a S / N ratio of 5, to 200 resulting in a S / N ratio of 25. The linewidth at the Lamb dip was measured to be 15-25 MHz, depending on the saturation parameter. This exceeds the natural linewidth by far, which we attribute to the combined effects of small misalignments, power broadening and pressure broadening.
The 389 nm laser is frequency stabilized to the transition within a few MHz, which is limited by the bandwidth of the Ti:S laser and the performance of the servo loop for frequency stabilization. The laser remains stabilized to the transition for hours.
By virtue of the large time constant of the servo loop, it is possible to temporarily shift the frequency of the 389 nm light by many MHz on a time scale of several milliseconds. This is done by adding a linear ramp to the frequency-control input of the Ti:S laser, which is too fast for the integrator in the servo loop to compensate. Such a change of laser frequency would, for instance, be ideally suited to further compress a 389 nm MOT. 6 In a second application we switched off the second harmonic power considerably faster than can be achieved using mechanical shutters. When the cavity length is locked, suddenly applying a ramp on the high voltage controlling the PZT of M4 brings the cavity out of resonance within 25 s. The short switching time obtained with this inexpensive method was crucial for achieving low temperatures using a 389 nm optical molasses pulse applied to a cold cloud of He* atoms.
